thesize and the materials required are more expensive. As a result, the relationships between the properties of oligomeric surfactants and the number of alkyl chains are not yet clear.
Dendrimers are chemically well-defined hyperbranched polymers constructed in a generation-wise manner from a central initiating core molecule 18 20 . Multiple categories of dendrimers have been synthesized with various surface functional groups. The introduction of hydrophobic and hydrophilic groups at the end groups of poly amidoamine dendrimers can be expected to result in functional surfactants, because they possess reactive end groups such as amines or carboxylates. Our group, so far, reported the synthesis and solution properties of three quaternized oligomeric surfactants having 4, 16, or 64 octyl chains and ammonium headgroups derived from generation 0, 1, and 4
Abstract: New quaternized oligomeric surfactants containing 4 or 8 alkyl chains were synthesized using ethylenediamine or poly(amidoamine) dendrimers as the central scaffold. Electrical conductivity, surface tension, and pyrene fluorescence measurements, as well as dynamic light scattering were used to characterize their properties. In addition, the dependence of these properties on the alkyl chain length, number of chains, and dendrimer generation was determined through comparison with previously reported oligomeric surfactants. The relation between surface tension and concentration for the oligomeric surfactants exhibited clear breakpoints, which reflect the critical micelle concentration (cmc). Both cmc and surface tension were lower than those of monomeric alkyltrimethylammonium bromide surfactants, indicating that the synthesized oligomeric surfactants have excellent micelle-forming ability in solution and high adsorption ability at the air/water interface, in spite of the large bulky structure containing multiple alkyl chains and headgroups within one molecule. When the alkyl chain length or the number of chains of the oligomeric surfactants was increased, a unique behavior was observed in that adsorption at the air/ water interface and solution aggregation occurred simultaneously at a concentration below cmc (as determined by the surface tension method). This suggests that aggregate formation occurs readily in solution along with the adsorption at the interface because of strong attractive interactions between multiple alkyl chains.
poly amidoamine dendrimers 4C 8 qbG0, 16C 8 qbG1, and 64C 8 qbG4, respectively, where 4, 16, and 64 represents the number of C 8 alkyl chains, qb stands for quaternized glycidyldimethyloctylammonium bromide, and Gn is the generation of the dendrimer 21 23 . In these studies, we found a lowering in surface tension in the order 64C 8 qbG4 16C 8 qbG1 4C 8 qbG0, while the introduction of a large number of octyl chains onto the amino end groups of the dendrimer was found to render the structures less surface active because of the steric hindrance imparted by the multiple chains.
In this paper, in order to clarify the relationship between the solution properties of quaternized oligomeric surfactants and the number of alkyl chains and hydrophilic groups, we synthesized new oligomeric surfactants with 4 4C n qbED, where n represents an alkyl chain length of either 8 or 12, and ED stands for ethylenediamine or 8 alkyl chains 8C 8 qbG0 . 4C n qbED and 8C 8 qbG0 were derived from ethylenediamine and G0 poly amidoamine dendrimer, respectively. The chemical structures of 4C n qbED, 8C 8 qbG0, 16C 8 qbG1, and 4C 8 qbG0 are shown in Fig. 1 . It should be noted that 4C n qbED, 8C 8 qbG0, and 16C 8 qbG1 contain two alkyl chains and quaternary ammonium headgroups attached to the amino end group of ethylenediamine or the dendrimer, while on the other hand, 4C 8 qbG0 and 64C 8 qbG4 possess one alkyl chain and one headgroup attached to the amino group of the dendrimer. The difference in their structures can be controlled by the synthesis conditions. Several solution properties of the oligomeric surfactants were evaluated, including electrical conductivity, surface tension, pyrene fluorescence, and hydrodynamic diameter.
EXPERIMENTAL PROCEDURES

Materials
Ethylenediamine, methyl acrylate, acetone, chloroform, diethyl ether, ethyl acetate, methanol, 2-propanol, and tetrahydrofuran THF were obtained from Kanto Chemicals Co., Inc. Tokyo, Japan . Epibromohydrin, N,N-dimethyl-noctylamine, N,N-dimethyl-n-dodecylamine, and pyrene were purchased from Tokyo Chemical Industry Co., Ltd.
Tokyo, Japan . Pyrene used throughout as fluorescent probe was purified by recrystallization several times from ethanol. All chemicals except pyrene were reagent-grade purity commercial materials, and used without further purification. 
Synthesis
Measurements
All of the surfactant solutions were prepared Milli-Q Plus water resistivity 18.2 MΩ cm , and the measurements were performed at 25 .
Electrical conductivity
The electrical conductivity measurements were performed with a CM-20E TOA electrical conductivity meter to determine the cmc and the micelle degree of ionization α . The cmc was determined from the breakpoint of the conductivity versus the concentration plot, and the α was obtained the ratio of the slopes above and below the cmc in the plot.
Surface tension
The surface tension measurements were performed with a Krüss K100 tensiometer using the Wilhelmy plate technique. To obtain equilibrium surface tension, sets of measurements were performed until the change in the surface tension was less than 0.01 mN m 1 every 60 s. The cmc and the surface tension at the cmc γ cmc were determined from the breakpoint of the surface tension versus the logarithm of the concentration curve. In most cases, the surface excess concentration in mol m 2 and the area occupied by molecule A of the surfactant at the air/water interface were calculated using the following Gibbs adsorption isotherm equations 26 :
Here, γ represents the surface tension in mN m 1 , R is the gas constant 8.31 J mol 1 K 1 , T is the absolute temperature, C is the surfactant concentration, dγ /d lnC is the slope below the cmc in the surface tension plots, and N A is Avogadro s number. We use i 5 for 4C 8 qbED and 4C 12 qbED, and i 9 for 8C 8 qbG0 in this study, which is the number of species possibly involved assuming complete dissociation.
Steady-state fluorescence
The fluorescence measurements were performed with a Hitachi 650-10S fluorescence spectrophotometer. The spectra were recorded between 360 and 400 nm at an excitation wavelength of 335 nm, and a pyrene concentration of 1 10 6 mol dm 3 for surfactant solution. The fluorescence intensity ratio of the first 373 nm vibronic peak to the third 384 nm vibronic peak I 1 /I 3 depends on the environment of the pyrene molecules. The pyrene is located in hydrophobic environment such as micelles when the I 1 /I 3 ratio decreases.
Dynamic light scattering DLS
The DLS measurements were performed with the DLS-7000 Otsuka Electronics Co., Ltd., Japan using an argon laser λ 488 nm at a scattering angle of 90 . All surfactant solution was filtered with a 0.2 μm membrane filter of mixed cellulose acetate before the measurements. For spherical particles, the diffusion coefficient extrapolated to zero concentration D 0 is converted to the apparent hydrodynamic diameter D H using the Stokes-Einstein relation 27 :
where k is the Boltzmann constant, T is the absolute temperature, and η is the viscosity of the solution.
RESULTS AND DISCUSSION
Cmc
The quaternized cationic surfactants 4C 8 qbED, 4C 12 qbED, and 8C 8 qbG0 containing octyl or dodecyl chains and multiple headgroups showed high water solubility at 25 . The electrical conductivity varied with concentration for 4C 8 qbED, 4C 12 qbED, and 8C 8 qbG0 Fig. 2 . The conductivity increased linearly with an increase in concentra-tion, and then slowly increased at the breakpoint, which corresponds to the cmc. For 4C 8 qbED, 4C 12 qbED Fig. 3 a , and 8C 8 qbG0, 16C 8 qbG1
23 Fig. 3 b the surface tension varied with concentration. The surface tension decreased as the concentration increased, reaching a clear breakpoint, which is assumed to be the cmc. 26 , showing their excellent micelle-forming ability. Similar to conventional surfactants, the cmc decreased with an increase in alkyl chain length from 8 to 12 for 4C n qbED. The increase in the chain number from 4C 8 qbED to 8C 8 qbG0 leads to a decrease of the cmc, while the cmc increased only slightly with an increase in chain number from 8C 8 qbG0 to 16C 8 qbG1. This is probably because, in spite of the increased chain number, the number of hydrophilic amide groups in the dendrimer scaffold also increases from 4 to 12. The increase in dendrimer generation from 0 to 1 may also play a role. Furthermore, 8C 8 qbG0 showed a considerably lower cmc than 4C 8 qbG0 of the same dendrimer generation, because of the high hydrophobicity of the multiple octyl chains and despite the equal number of quaternary ammonium headgroups. The 64C 8 qbG4 surfactant with 64 octyl chains did not show a clear cmc in the surface tension plot, and instead exhibited a continuous decrease in surface tension with an increase in concentration 21 . Therefore, while the presence of up to 16 octyl chains in the oligomeric surfactants leads to strong micelle-formation tendency, introduction of excess alkyl chains into a dendrimer seems to be disadvantageous for micelle formation. In general, the cmc obtained by surface tension measurements was 1.3-1.5 times higher than that obtained by conductivity measurements. This is considered to be based on the difference between the measurement methodologies see further .
Surface tension
At cmc, the novel surfactants with multiple alkyl chains 4C 8 Fig. 3 b . As mentioned previously 23 , the explanation for the occurrence of two break points is as follows: first, the dendrimer-type surfactant molecules adsorb and saturate at the air/water interface, which is reflected in the first break point, and subsequently, in addition to the aggregate formation by surfactants in solution, they also interact with those at the interface. As a result, the adsorbed amount of surfactants at the interface increases, and the surface tension decreases, giving rise to the second break point. This suggests that adsorption at the interface and aggregation in solution occurs simultaneously. Such unique behavior may result from the fact that the oligomeric surfactants contain multiple alkyl chains. The surface excess concentration and the area occupied by molecule A of 4C 8 qbED, 4C 12 qbED, and 8C 8 qbG0 obtained using eqs. 1 and 2 are listed in Table 1 . The values of occupied area of these surfactants are relatively large, and seem to be appropriate when considering the molecular structure of the bulky dendrimer scaffold. Assuming complete dissociation in solution, we adopted a value for the number of species in eq 1 of i 5 and i 9 for 4C n qbED and 8C 8 qbG0, respectively. If the dissociation is incomplete, the values of occupied area will be smaller than the calculated ones. As expected, the occupied area increased with an increase in the generation of dendrimer and number of alkyl chains. Thus, it was found that quaternized oligomeric surfactants adsorb readily at the air/water interface due to the large molecular structure, and orient themselves efficiently resulting in a reduction of the surface tension. Table 1 The critical micelle concentration, the surface tension, the surface excess concentration, the area occupied per molecule at the air/solution interface, and the micelle degree of ionization for quaternized oligomeric surfactants with multiple alkyl chains. 
Aggregation properties
The aggregation behavior of the quaternized oligomeric surfactants in solution was further investigated using pyrene fluorescence intensity ratio I 1 /I 3 and dynamic light scattering DLS measurements. Figure 4 shows how the I 1 / I 3 ratio varied with the concentration for a 4C 8 qbED and 4C 12 qbED, and b 8C 8 qbG0 and 16C 8 qbG1. The solid and dotted lines show the cmc determined by surface tension and conductivity methods, respectively. In general, when the I 1 /I 3 ratio is close to 1.8, the surfactant molecules are not aggregated into micelles, whereas when the ratio is close to 1.2, micellization has occurred and pyrene is solubilized inside the hydrophobic cores. In analogy to conventional monomeric surfactants, the I 1 /I 3 ratio of 4C 8 qbED was found to decrease at a concentration around the cmc obtained by the surface tension and conductivity measurements . On the other hand, the I 1 /I 3 behavior of 4C 12 qbED, 8C 8 qbG0, and 16C 8 qbG1 differed from that of 4C 8 qbED, i.e., the I 1 /I 3 ratio started to decrease at concentrations below cmc, and for 4C 12 qbED and 8C 8 qbG0 in particular, it continued to decrease with an increase in concentration to a ratio of approximately 0.7. This indicates that aggregate formation in solution occurs before the surfactant molecules have saturated at the air/water interface, i.e., the adsorption and aggregation processes occur simultaneously. This is a very unique and interesting result which was not observed for the conventional surfactants. This probably originates from the fact that the molecules contain multiple alkyl chains. Furthermore, the final I 1 /I 3 values of 4C 12 qbED and 8C 8 qbG0 are comparatively small compared to the generally observed values I 1 /I 3 1.2 , indicating that the polarity of the micro-environment in these aggregates is lower than that in conventional surfactant micelles. Because of this, the cmc determined via the conductivity method, which reflects aggregate formation in the bulk solution, is smaller than that measured via surface tension measurements. In order to confirm the formation of aggregates, DLS was performed and it was investigated how the apparent hydrodynamic diameter D H varied with surfactant concentration for 4C 8 qbED and 4C 12 qbED Fig. 5 a , and 8C 8 qbG0 and 16C 8 qbG1 Fig. 5 b . The quaternized oligomeric surfactants formed large aggregates with a size of 100 to 300 nm in diameter and a broad size distribution. This may result from the strong attractive interactions between the multiple alkyl chains of these surfactants, which correlates with the pyrene fluorescence measurements that showed a significantly decreased I 1 /I 3 and thus indicated that the pyrene is solubilized within an environment of high hydrophobicity, suggesting large aggregates. For 4C 12 qbED, aggregates formed at concentrations below cmc, whose size increased with increasing concentration until cmc, after which it remained constant. It is this aggregate formation below the cmc which caused the I 1 /I 3 to decrease. The apparent D H of 4C 12 qbED was, furthermore, found to be smaller than that of 4C 8 qbED. This, in turn, indicates that 4C 8 qbED molecules are packed less densely in the aggregates than 4C 12 qbED because of the relatively short octyl chains. Finally, below cmc, the aggregation behavior of 8C 8 qbG0 and 16C 8 qbG1 showed similar behavior as 4C 12 qbED. However, above cmc, the size of the aggregates continued to increase with increasing concentration of 16C 8 qbG1, showing that the aggregates increase in size due to strong interactions resulting from the higher number of alkyl chains. In order to determine the structure of the oligomeric surfactant aggregates, further studies using small angle X-ray scattering and neutron scattering, or transmission electron microscopy techniques are needed.
CONCLUSIONS
In this article, we designed and synthesized novel quaternized oligomeric surfactants consisting of 4 or 8 alkyl chains, 4 or 8 quaternary ammonium headgroups, and ethylenediamine or generation 0 poly amidoamine dendrimers as a scaffold. We investigated in detail their solution properties by electrical conductivity, surface tension, and pyrene fluorescence measurements, as well as dynamic light scattering. The surfactants showed high water solubility despite the multiple alkyl chains on each molecule, and efficiently adsorbed and oriented themselves at the air/ water interface, in analogy to conventional surfactants. The cmc of the oligomeric surfactants decreased with an increase in alkyl chain length or the number of chains. The cmc determined by surface tension measurements was slightly higher than that obtained by conductivity methods. Pyrene fluorescence intensity measurements indicated that as the number of chains increased, the pyrene was solubilized in surfactant aggregates at concentrations below cmc as measured by surface tension measurements . Thus, in contrast to the behavior of conventional monomeric surfactants, these results indicated that aggregate formation of the oligomeric surfactants occurred simultaneously with their adsorption at the air/water interface. Indeed, DLS measurements indicated large aggregates with a broad size distribution at concentrations below cmc.
So far, there are only a few reports on the properties of oligomeric surfactants that combine multiple alkyl chains and hydrophilic groups in a single molecule, mostly because their design and synthesis are difficult compared to gemini surfactants, which can be prepared relatively easily. The results in this work may aid in future studies on the structure-property relationships of novel oligomeric surfactants. We expect to report additional studies on oligomeric surfactants of varying structure. Such oligomeric surfactants could form a new class of surfactants that exists alongside common gemini surfactants. 
